Mouse embryos lacking the retinoic acid (RA) receptors RARa1 and RARb suffer from a failure to properly septate (divide) the early outflow tract of the heart into distinct aortic and pulmonary channels, a phenotype termed persistent truncus arteriosus. This phenotype is associated with a failure in the development of the cardiac neural crest cell lineage, which normally forms the aorticopulmonary septum. In this study, we examined the fate of the neural crest lineage in RARa1/RARb mutant embryos by crossing with the Wnt1-cre and conditional R26R alleles, which together constitute a genetic lineage marker for the neural crest. We find that the number, migration, and terminal fate of the cardiac neural crest is normal in mutant embryos; however, the specific function of these cells in forming the aorticopulmonary septum is impaired. We furthermore show that the neural crest cells themselves do not utilize retinoid receptors and do not respond to RA during this process, but rather that the phenotype is cell non-autonomous for the neural crest cell lineage. This suggests that an alternative tissue in the vicinity of the outflow tract of the heart responds directly to RA, and thereby induces or permits the neural crest cell lineage to initiate aorticopulmonary septation. q
Introduction
The early heart is organized as a linear tube, oriented along the rostral-caudal axis of the ventral side of the embryo, with uniquely specified compartments already defined either at or shortly after its formation (in the mouse, at embryonic day E7.5). Venous inflow occurs at the caudal end, followed by (in caudal to rostral order) the atrial compartment, the ventricular compartment, and the outflow tract. The outflow tract is initially an undivided structure, and (as defined in this study) consists of a more proximally located (relative to the ventricle) conotruncal segment, and the more distal aortic sac, which initially branches into bilaterally paired pharyngeal (or aortic) arch arteries that connect the heart to peripheral circulation. As ventricular maturation leads to the formation of distinct right and left ventricular chambers, the aortic sac becomes septated (divided) into distinct aortic and pulmonary vessels through the formation of the aorticopulmonary (A/P) septum. Concurrently, the conotruncal segment becomes septated to form independent outflow valves as well as the subvalvular tissue separating the aortic and pulmonary outflow channels exiting from the ventricles, and the bilaterally organized pharyngeal arch arteries become asymmetrically reorganized into the arch of the aorta and its branches and into the pulmonary arteries.
For many years, it has been recognized that the neural crest is required for septation of the aortic sac and for reorganization of the pharyngeal arch arteries, and is probably involved in conotruncal septation as well. The neural crest is a population of migratory cells derived from the dorsal neural tube at all axial levels of the embryo, and those which are derived from the caudal hindbrain and anterior cervical level (between rhombomere 5 and somite 4) are termed the cardiac neural crest (Kirby and Waldo, 1995) . These cells delaminate from the neural tube and migrate past the pharyngeal (foregut) endoderm into pharyngeal arches 3, 4, and 6, and gain access to the heart as each arch extends to the ventral midline and connects to the aortic sac. The neural crest-derived cells accumulate at the distal end of the aortic sac and then project along the lateral sides of the outflow tract, and through mechanisms that are surprisingly still not defined, ultimately form or induce the formation of the A/P septum. Deficiencies in the formation of the A/P septum result in a malformation known as persistent truncus arteriosus (PTA), in which the early single outflow tract structure persists and is not transformed into distinct aortic and pulmonary vessels.
Several different experimental models have demonstrated the requirement for normal neural crest cell contribution to the heart in order to achieve normal A/P septation. The most direct demonstration has come from avian embryos, where physical ablation of the cardiac neural crest lineage from the dorsal neural tube results in PTA (Kirby et al., 1983) . This same phenotype is observed in mouse embryos lacking the transcription factor Pax3 (Franz, 1989) , and also in human fetuses with chromosome 22 deletions (DiGeorge syndrome; Greenberg, 1993) . Interestingly, in these models, the PTA cardiac defect is accompanied by deficiencies of the thymus, thyroid, and/or parathyroids. These endodermal organs normally form through the interaction of cardiac neural crest cells with the pharyngeal endoderm; the coupling of pharyngeal organ defects with PTA is inferred to result from an insufficient number of neural crest cells which first fail to induce organ outgrowth from the pharyngeal endoderm, and then fail to populate the outflow tract in sufficient number to initiate A/P septation. There clearly is a deficiency in the number of neural crest cells in avian neural crest-ablated embryos, and recent genetic marking studies have also indicated a substantial deficiency in the cardiac neural crest lineage in Pax3 2/2 mouse embryos (Epstein et al., 2000) .
Retinoic acid (RA) is a vitamin A derivative that is widely used in vertebrate development as a signaling molecule. The RA signal is transduced by specific RA receptors, which are members of the nuclear receptor family of ligandactivated DNA-binding transcription factors (Evans, 1988) . The active RA receptor is a heterodimeric complex of one RAR and one RXR; in humans and mice, there are three distinct RAR genes (a, b, and g) and three distinct RXR genes (also a, b, and g). Furthermore, each RAR gene has two major isoforms (numbered 1 and 2) derived by alternative promoter usage, which generate amino-terminal variants fused to common exons encoding the remainder of the receptor protein (Leid et al., 1992) . While all heterodimeric combinations of RARs and RXRs seem to work comparably well in transfection assays, there are differences in the expression of each isoform, and there appear to be functional distinctions in vivo as well (Kastner et al., 1995) .
Our prior work demonstrated that mouse embryos lacking the a1 isoform of the RARa gene plus all isoforms of the RARb gene suffer with 100% penetrance from PTA, although normal outflow tract morphogenesis occurs in all embryos that carry at least one functional allele of these genes (Lee et al., 1997) . PTA also occurs in embryos deficient in RARa1 plus RXRa (Lee et al., 1997) , as well as those lacking certain other combinations of RAR and RXR gene mutations (Kastner et al., 1994; Mendelsohn et al., 1994; Ghyselinck et al., 1997) . Unlike other examples of PTA described previously, where this malformation is accompanied by pharyngeal organ defects, in RARa1/ RARb double mutants there is normal thymic development, and at least the early steps of thyroid development occur normally as well. This led to our hypothesis that the early steps of neural crest cell allocation and migration are normal in RARa1/RARb mutants (thereby supporting pharyngeal organ development), and that the PTA pathology arises either from a defect in neural crest cell migration specifically into the heart, or from a functional deficiency in these cells once resident therein.
To address these models, we developed a genetic method of permanently marking the complete neural crest lineage from the time of its formation, and detectable for as long as these cells and their progeny survive, extending through adulthood (Jiang et al., 2000) . The approach is based on cre/lox recombination, and involves two genetic components which are crossed by breeding. The first is a conditional lacZ reporter allele called R26R. This allele is constitutively expressed, in every cell of the embryo and of the adult, although the construction of this allele causes no lacZ product to be made until recombination occurs. The second component of this system drives expression of cre recombinase under the control of the Wnt1 promoter. This promoter is active only in the dorsal neural tube during the E8.5-9.5 period, and is not expressed anywhere else thereafter. When cre recombinase is expressed from the Wnt1 promoter, this causes recombination of the conditional R26R allele, now making this allele functional for expression of lacZ. Even though the Wnt1 promoter is no longer expressed after E9.5, the cells in which recombination occurred (and all of their progeny) stably maintain the recombined R26R allele, and because this allele is expressed ubiquitously, any lacZ-positive cell at any stage of development or in postnatal life can be inferred to be derived from the neural crest cell lineage. The approach yields extremely highly (if not completely) efficient labeling of the neural crest cell lineage, with essentially no ectopic staining.
We have previously described the fate of the cardiac neural crest lineage in normal mouse embryos (Jiang et al., 2000) , and now have crossed this marking system into the RARa1/RARb mutant background to investigate the role of RA and its receptors in outflow tract morphogenesis.
Results

Normal fate of the neural crest cell lineage in RARa 1/ RARb mutant embryos
Through appropriate breeding, we established adult RARa1
, RARb 2/1 mice which also carried either the Wnt1-cre transgene or the R26R conditional reporter allele.
RARa1
2/2 , RARb 2/1 animals do not have PTA, and are viable and apparently normal. We then crossed these mice to obtain a series of embryos which carried both the Wnt1-cre and R26R alleles together, and were also either RARa1 2/2 , RARb 2/2 (experimentals) or RARa1 2/2 , RARb 2/1 (normal controls). Note that embryos lacking both RARa1 and RARb together suffer from PTA with 100% frequency, so the genotype of these embryos is an accurate predictor of their phenotypic fate even if the embryos are examined prior to outflow tract septation (Lee et al., 1997) . Similarly, every embryo with only one functional RARb allele will be normal, such that control embryos, even though three RAR alleles are missing, are true phenotypic controls. We examined the neural crest cellspecific lacZ staining pattern in this series of embryos.
At E10.5, A/P septation has not yet begun, the primary outflow arteries are the paired third arch arteries, the fourth and sixth arch arteries are small although enlarging in caliber, and the first and second pharyngeal arches are separated from the outflow tract and are by now devoted only to craniofacial morphogenesis. In RARa1/RARb deficient embryos at this stage, the morphology of the outflow tract is still normal, and lacZ staining of control and experimental embryos revealed an equivalent pattern of neural crest cell distribution (Figs. 1 and 2). Labeled cells at this stage extensively populate all of the pharyngeal arches, surround the aortic sac, and migrate deeper within the outflow tract into the conotruncal cushions. In whole mount stained embryos, this latter population appeared as two prongs of cells along the long axis of the outflow tract, with the aggregation of labeled cells at the top of these prongs located at the distal end of the aortic sac. The neural crest cells are located between the endothelium and splanchnic mesoderm of the aortic sac, and lower down between the endocardium and myocardium of the conotruncus. This pattern is clearly distinct from the distribution of neural crest cells in Pax3 2/2 embryos, visualized with the R26R conditional reporter crossed against either the Wnt1-cre transgene (our unpublished observations) or a Pax3-cre transgene which also effects recombination in the cardiac neural crest lineage (Epstein et al., 2000) , where in such mutant embryos there is a notable decrease in the extent of staining in the caudal pharyngeal arches and in the outflow tract of the heart itself. Thus, although both Pax3-and RAR-deficient embryos experience PTA, these represent different etiologies.
Neural crest cells in the normal outflow tract are organized into a spiral pattern, which presages the spiral orientation of the aorta around the pulmonary trunk once conotruncal and A/P septation are completed. In principle, the onset of PTA in RARa1/RARb mutant embryos could result from a failure of neural crest cells to organize into a spatially restricted pattern that is necessary for further morphogenesis. To address this possibility, we sectioned E11.0 embryos perpendicular to the long axis of the outflow tract, and found that in normal and mutant embryos, the spatial patterning of neural crest cells was comparable (Fig. 3) .
The crucial time for A/P septation occurs between E10.5 and E11.5. Neural crest-derived mesenchymal cells at the distal end and along the lateral sides of the aortic sac form a wedge of tissue (the A/P septum) that cleaves the aortic sac between the fourth and sixth arch arteries, thereby partitioning the aortic sac into an aortic channel which connects to the fourth arch arteries, and a pulmonary channel which connects to the sixth arch arteries. This process can be observed to be underway in normal E11.5 embryos; however, in mutant embryos, although an appropriate number of cells are present at the appropriate positions lateral and distal to the aortic sac, the wedge of tissue that would normally constitute the nascent A/P septum fails to form (Fig. 2c, d ). This leaves the aortic sac undivided, and ultimately results in the persistent origination of the fourth and sixth arch arteries from a common outflow structure.
Over the E12-E8 period, the behavior of the neural crest lineage in RARa1/RARb mutant embryos is identical to that in normal embryos, with the exception that the A/P septum is not present in the former. Thus, the normal fate of the cardiac neural crest population (Jiang et al., 2000) is to condense into the walls of all vessels derived from the aortic sac, in some cases constituting most if not all of the smooth muscle of these vessels (the arch of the aorta, the ductus arteriosus), 2/1 , RARb 2/1 in this example, shown at left) and a littermate double mutant embryo (shown at right), both of which also carried the Wnt1-cre and R26R alleles, were X-gal stained in whole mount. Numbers indicate the pharyngeal arches; note the normal distribution and number of neural crest cells in double mutant embryos in the caudal pharyngeal arches (3-6), from which the cardiac neural crest derives, and the stream of labeled cells in the outflow tract of the heart (arrow), which is shown at higher magnification below. and in other cases only constituting the innermost layer adjacent to the endothelium (the ascending aorta, the pulmonary trunk proximal to the ductus arteriosus), with the remainder of the vessel wall derived from non-neural crest sources (presumably splanchnic mesoderm). In mutant embryos, which now can be recognized as having PTA, the distribution of neural crest-derived cells is normal, although this occurs around a single outflow vessel rather than around separated aortic and pulmonary vessels (Fig. 2e, f) .
Normal hindbrain patterning in RARa 1/RARb mutant embryos
Previous studies have demonstrated that an early function of RA and RARs is to posteriorize the caudal hindbrain (Dupe et al., 1999) . In mouse embryos lacking all isoforms of RARa and RARb, molecular and morphological markers of the anterior hindbrain were ectopically expressed in the caudal hindbrain, and markers that should normally be present in the caudal hindbrain were absent. This included the expression of HoxB1, which was expressed ectopically in RARa/RARb mutant embryos in caudal rhombomeres (r6 and below) in addition to its normal r4 domain, and the expression of HoxD4, which was eliminated in its normal expression domain (r6 and below) (Dupe et al., 1999) . Thus, the absence of all isoforms of RARa and RARb results in the mispatterning of the caudal hindbrain to a more anterior fate, and the neural crest cells which derive from the caudal hindbrain would be expected to be misspecified as well. Consequently, a completely normal pattern of neural crest cell labeling in the pharyngeal arches and in the heart might be seen in E10.5 Wnt1-cre/R26R embryos also lacking RAR genes, even though the neural crest cells which are present might be a misspecified population, and might not be able to initiate A/P septation for lack of the Hox code (or other) instruction for this function.
We therefore addressed hindbrain axial specification in the genetic context of the embryos used in this project, Fig. 2 . Distribution of cardiac neural crest cells during outflow tract morphogenesis. Sections through normal and double mutant embryos are shown at E10.5 (prior to overt septation), E11.5 (during septation), and E13.5 (after septation is completed). At E10.5, note the extensive contribution of labeled cells in the conotruncal cushions (ct) and surrounding the aortic sac (AoS); because of incomplete stain penetration, X-gal labeling is not very prominent in the region (indicated by the asterisk) between the foregut endoderm (fg) and the aortic sac, from which the aorticopulmonary septum will form, but almost the entirety of cells in this region are neural crest-derived. At E11.5, in normal embryos, the A/P septum is forming (arrow), and separates the nascent ascending aorta (Ao) from the nascent pulmonary trunk (PT), whereas in double mutant embryos, the A/P septum fails to form, resulting in PTA. r4 and l6 indicate the right fourth and left sixth pharyngeal arch arteries, respectively. Note the normal distribution of labeled cells in the conotruncal region of both embryos. At E13.5, in normal embryos, the ascending aorta and pulmonary trunk are distinct. Labeled cells coalesce adjacent to the endothelium of each vessel, and more distally constitute the entirety of the wall of the arch of the aorta (aAo) and the ductus arteriosus (not shown). In mutant embryos, labeled cells coalesce along the endothelium of the proximal outflow vessel, and more distally constitute the entirety of the arch of this vessel (designated here as the arch of the aorta as this represents the derivative of the left fourth arch artery).
which lack all isoforms of RARb and only the a1 isoform of the RARa gene. Note that the presence of a functional RARa2 gene results in a less severe spectrum of defects throughout the embryo, although RARa1/RARb and RARa/RARb mutant embryos both have PTA (Luo et al., 1996; Ghyselinck et al., 1997) . We performed whole mount in situ hybridization on normal and RARa1/RARb mutant embryos using probes for HoxB1 and HoxD4, and observed completely normal expression patterns for both genes (Fig.  4) . These observations therefore argue that hindbrain patterning occurs normally in RARa1/RARb mutant embryos, and that PTA in these embryos does not result from an early misspecification of the neural crest cells that migrate to the heart.
Non-autonomous function of RA receptors in A/P septation
The results described earlier indicate that correctly specified neural crest cells migrate into the outflow tract of RARa1/RARb mutant embryos in a normal fashion, and then fail to function properly once there. Furthermore, the function at which they fail is the construction of the A/P septum. We next investigated whether the neural crest cell lineage responds directly to RA through the RA receptors, or if another tissue first responds to RA and then instructs or causes the neural crest lineage to initiate construction of the A/P septum. These alternatives distinguish between a neural crest cell autonomous vs. non-autonomous process. In principle, the expression pattern of the RA receptors might be informative in indicating the site of their action. However, Fig. 3 . Normal distribution of cardiac neural crest cells in the conotruncus. Sections perpendicular to the long axis of the outflow tract are shown for two embryos isolated at E11.0. Sections were taken close to the aortic sac (upper set) and close to the right ventricle (lower pair); note in both cases that the neural crest-derived cells organize into distinct clusters (indicated by arrows) opposite the lumen of the outflow tract, and that these clusters rotate spirally around the long axis of the outflow tract. Fig. 4 . Normal hindbrain axial specification in RARa1/RARb mutant embryos. Shown are whole mount in situ hybridizations to normal and double mutant embryos at E9.5, using probes for HoxB1 and HoxD4. The normal domain of expression of HoxB1 is in rhombomere 4, just anterior to the otic vesicle (indicated in all panels by arrows), and that of HoxD4 is caudal to and inclusive of rhombomere 6. An identical pattern of expression of these markers is seen in double mutant embryos.
RARa, RARb, and RXRa are broadly if not ubiquitously expressed during the E9.5-12.5 period.
To address the responsiveness of the neural crest cell lineage to RA as a functionally relevant parameter of A/P septation, we crossed the Wnt1-cre transgene with a conditional ('floxed', or fl) allele of RXRa (Chen et al., 1998) , and coupled this with conventional deficiency of RARa1. The combination of Wnt1-cre and the floxed RXRa allele is predicted to result in disruption of the RXRa gene specifically in the neural crest cell lineage (i.e. a tissue-specific gene knockout). Conventional knockout of RXRa in all cells of the embryo results only rarely in A/P septal defects (Sucov et al., 1994; Kastner et al., 1994) , and similarly, in Wnt1-cre, RXRa fl/2 embryos, outflow tract and ventricular anatomy was normal (data not shown). However, the conventional double mutant combination of RARa1/ RXRa suffers from PTA with almost complete penetrance (Lee et al., 1997; Kastner et al., 1994) , providing a more relevant context against which to compare the tissue-specific role of RA receptors in A/P septation. In contrast to conventional RARa1/RXRa mutants, all of four [Wnt1-cre, RXRa fl/2 , RARa1
] embryos analyzed had normal ventricular morphology and normal septation of the aortic sac (Fig. 5) . Note that in such embryos, the neural crest lineage lacks both RARa1 and RXRa, whereas in all other lineages of these embryos, the conditional allele of RXRa is not recombined and functions normally. The inference from these studies is that RA receptor function is not required in the neural crest cell lineage, but rather that another tissue first responds to RA signaling and then secondarily signals to or allows the neural crest to initiate A/P septation.
Discussion
Previous animal models have demonstrated that a deficiency in the number of cardiac neural crest cells is one causative mechanism that can lead to PTA and to pharyngeal organ defects as well. Our observation of apparently normal thymic and thyroid development in the RARa1/ RARb mutant background led us to propose that the early stages of neural crest cell specification and migration were normal in these embryos. Indeed, in a previous study, a normal neural crest cell number and migration pattern in E9.5 RARa/RARb mutant embryos was observed (Dupe et al., 1999) . Our results extend this interpretation to throughout the period of outflow tract morphogenesis, and clearly show that normal A/P septation requires not only a sufficient number of neural crest-derived cells, but also the normal function of these cells either during migration or once reaching the heart. Surprisingly, little is known of what the neural crestderived cells actually do in order to effect A/P septation. Clearly, the bulk of the septal tissue at the time of its initial formation (E11.5) in Wnt1-cre/R26R embryos is composed of labeled cells of presumptive neural crest origin, and the spatially restricted aggregation and/or proliferation of these cells must be at least in part responsible for normal septation. We are exploring the possibility that localized proliferation of neural crest-derived cells, directed by a RAdependent signal, might underlie normal A/P septal formation.
Our results with tissue-specific deletion of RA receptor function suggest that the PTA phenotype that occurs in conventional RARa1/RXRa-deficient embryos (and, by inference, in conventional RARa1/RARb mutant embryos as well) is non-autonomous for the neural crest cell lineage. We suggest that a RA-dependent signal causes some alternative tissue of the heart to create an environment which instructs or permits neural crest-derived cells to initiate A/P septation. The strength of this interpretation depends on the premise that the conditional RXRa gene is recombined with sufficient efficiency in the neural crest cell lineage by the Wnt1-cre transgene to abrogate the function of these cells, were there in fact to be a function for retinoid receptors in the neural crest cell lineage. Indeed, the conditional R26R allele is extensively if not completely recombined when crossed to the Wnt1-cre transgene (Jiang et al., 2000) , and in several other tissues (ventricular myocardium, adult hepatocytes, intestinal epithelium, prostatic epithelium), we have looked for and failed to find any obvious difference in recombination frequency between the RXRa allele and the R26R allele (unpublished observations). Furthermore, the Wnt1-cre transgene is sufficiently active to promote recombination of the b-catenin and trkB genes in a manner which causes craniofacial and cerebellar defects, respectively (Brault et al., 2001; Rico et al., 2002) . Nonetheless, our negative result does not prove the absence of retinoid receptor function in the neural crest cell lineage, and we are currently attempting to define the tissue in which retinoid receptor function is required during A/P septation to establish this point. Reasonable candidate tissues include the pharyngeal endoderm and the endothelium of the aortic sac, although other possibilities can also be envisioned. 2/2 ; panel A) and a neural crest-specific conditional mutant embryo (of genotype Wnt1-cre, RXRa fl/2 , RARa1 2/2 ), both isolated at E14.5. The ascending aorta (Ao) and pulmonary trunk (PT) are normally formed and septated in both embryos.
The critical time in A/P septation during which the RA receptors appear to function is probably at or just prior to E10.5. This immediately precedes the first morphological manifestation of the impending PTA phenotype, which can be clearly observed at E11.5 by the absence of the forming A/P septum. Previous studies of vitamin A deficient rat embryos indicated that normal A/P septation could be restored if vitamin A was provided maternally at the developmental equivalent of mouse E9.5-10.5, although not thereafter (Wilson et al., 1953) . At E10.5, neural crestderived cells from the caudal-most pharyngeal arches have just entered the aortic sac, and according to our model outlined earlier, require a RA-dependent environment in which to initiate A/P septation. Alternatively, the neural crest cell lineage may become instructively programmed around E9.5 during the migration of these cells through the pharyngeal arches and around the foregut endoderm.
With the exception of forming the A/P septum, the behavior of the neural crest cell lineage both before and after this process appears normal in RARa1/RARb mutant embryos. Thus, the migration pattern of the neural crest cell lineage prior to E10.5, and the localization and distribution of neural crest-derived cells around the derivatives of the aortic sac and the aortic arch arteries from E12.5 onward, both appear unaffected by retinoid receptor mutation. These processes are either not controlled by RA, or are not sensitive to the absence of RARa1 plus RARb.
Using appropriate markers, we were able to show that hindbrain patterning occurs normally in RARa1/RARb mutant embryos, although this process is clearly compromised in embryos lacking all isoforms of both RARa and RARb. The presence of a functional RARa2 product in the context of RARb deficiency is apparently sufficient to prevent the occurrence of hindbrain patterning defects, although not of A/P septation defects, and allows us to genetically separate these two developmental processes based on their differing sensitivity to retinoid receptor gene dosage. This also allows us to discard the possibility that the PTA phenotype in RARa1/RARb mutants results from misspecification of the cardiac neural crest domain of the neural tube.
Our observations of the behavior of the cardiac neural crest cell lineage during the etiology of PTA may be generalizable beyond what occurs in RARa1/RARb mutant embryos. For example, in mouse models of human DiGeorge syndrome, where PTA is an incompletely penetrant phenotype, it has been noted that at least the initial aspects of cardiac neural crest cell migration are normal (Lindsay and Baldini, 2001) . While the low frequency of PTA makes it difficult to associate the normal migration pattern observed in a relatively small number of embryos with the phenotype, this suggests the possibility that other gene mutations, including those represented by the DiGeorge syndrome, may also affect the function of the neural crest cell lineage once within the outflow tract, and possibly in pathways that intersect with those regulated by RA.
Experimental procedures
All mouse lines used in this study have previously been described, including the RARa1 and RARb gene mutations (Li et al., 1993; Luo et al., 1995) , the Wnt1-cre and R26R alleles (Danielian et al., 1998; Soriano, 1999; Jiang et al., 2000) , and the conditional RXRa allele (Chen et al., 1998) . Whole mount X-gal staining of E10.5 embryos followed by paraffin embedding and sectioning, and frozen sectioning of E11.5 and older embryos followed by X-gal staining, were as previously described (Jiang et al., 2000) . Digoxigeninlabeled probes used for whole mount in situ hybridization were synthesized from linearized Bluescript templates (kindly provided by N. Manley); the HoxB1 probe corresponds to positions 1307-1607 of GenBank entry NM_008266, and the HoxD4 probe to 838-1660 of GenBank NM_010469. Embryos were processed for in situ hybridization as described (Hogan et al., 1994) with only minor modification.
